Two experiments were conducted to determine the effects of Lactobacillus plantarum (DFM) on performance in broilers challenged with avian pathogenic Escherichia coli (APEC) and its effects on Salmonella colonization following S. Typhimurium challenge. In experiment 1, broilers were reared from d zero to 28 and orally challenged with 1 × 10 8 CFU of APEC on d 7. Treatments included a non-challenged positive control (PC), challenged negative control (NC), NC + 0.05, 0.10, or 0.20% DFM, and NC + 0.05% antibiotic (BMD). Body weight (BW) was not different among treatments. Mortality-corrected feed conversion ratio (FCRm) was increased with APEC challenge in comparison to the PC, while BMD returned FCRm to that of the PC (P ≤ 0.05). Treatment with 0.10% DFM resulted in the largest relative spleen weight (SW: % BW) at d 14, but also resulted in the lowest number of APEC associated mortalities, suggesting an enhanced immune response. In experiment 2, one-day-old broilers were orally challenged with 1 × 10 8 CFU of S. Typhimurium and fed a control diet (PC), or the same diet with 0.10 or 0.20% DFM. Intestinal samples were collected for determination of Salmonella colonization by the most probable number method at d 3 and d 7 post inoculation, and bioluminescence imaging using In-Vivo Imaging System at d 7 post inoculation. Treatment with DFM reduced total Salmonella content on d 7, but changes in bioluminescence were not significant. Overall, DFM treatment was concentration specific, but did result in positive responses to both APEC challenge and total Salmonella counts.
1.2 million people per year [4] . Salmonella enterica serovar Typhimurium (S. Typhimurium) is a common serotype associated with non-typhoidal salmonellosis in humans from poultry meat [5] . While APEC is mainly a poultry pathogen and S. Typhimurium is a poultry-borne zoonotic pathogen, reduction of both are of interest for poultry and human health, as well as maximizing economic return. Increased regulation and consumer demand have reduced the use of antibiotic growth promoters (AGP) as antimicrobials, requiring alternatives to control pathogenic bacteria. Direct-fed microbials offer one alternative shown to decrease colonization of pathogenic bacteria in the intestinal tract by competitive exclusion and production of lactic acid and bacteriocins [6] .
Various strains of Lactobacillus plantarum (DFM) isolated from poultry have been identified as primary candidates for DFM in in vitro studies due to their antimicrobial activity against several pathogens, tolerance of bile and low pH, and adhesion to enterocytes [7] [8] [9] . Direct-fed microbials are live microorganisms that provide beneficial host effects by modulating intestinal microflora [6, 10] . The modes of action of DFM are associated with lactic acid fermentation; production of bacteriocins, organic acids, and hydrogen peroxide; competitive exclusion of pathogenic bacteria; increased digestive enzyme activity; and stimulation of the immune system [6] . The objectives of the presented experiments were to determine the effects of L. plantarum (LactoPlan TM ) [11] on broiler performance when challenged with APEC; and detection of Salmonella in the intestinal tract of broilers challenged with S. Typhimurium using most probable number (MPN) and In-Vivo Imaging System (IVIS) methods.
MATERIALS AND METHODS

Bacterial Cultures
The DFM culture was prepared and supplied directly from the manufacturer [11] , which consisted of a single-strain L. plantarum (GB-LP1; LactoPlan TM ) lactic acid producing a bacterium that is commercially available. The E. coli strain was isolated at Virginia Tech and has been shown to cause reduced performance and increased mortality (e.g., over 30%) in young birds during a full barn experiment (unpublished data). Bacterial samples collected from the intestines of these birds were incubated in coliform PresenceAbsence (PA) broth with 4-Methylumbelliferylbeta-D-glucuronide (MUG), and confirmed to be E. coli under UV light. The isolate was sent to a commercial laboratory for typing and was confirmed to be avian pathogenic [12] . The E. coli isolate was inoculated in Luria-Bertani (LB) broth (250 μl per 200 mL) and incubated at 37
• C, with shaking at 100 RPM, for 5 hours. Inoculum was serially diluted, plated, and incubated for 24 h at 37
• C to determine initial concentration of 1.94 × 10 10 CFU/mL. Preparation of Salmonella inoculum followed procedures previously described by Seleem et al. [13] . The S. Typhimurium isolate was transformed with a plasmid containing the Lux cassette (Luciferase) [13] [14] [15] , which contains proteins that express visible light in the presence of oxygen.
Experiment 1
All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Virginia Tech. A total of 432 oneday-old male broiler chicks was obtained from a commercial hatchery and transported to the Virginia Tech BSL II poultry facility [16] . Chicks were individually weighed, wing-banded, and allotted among 48 raised-wire cages with 9 chicks per cage (206 cm 2 /chick) in an environmentally controlled room. Temperature within the cages at placement was 32
• C and was reduced by 1.5
• C every third d until 21
• C was achieved and maintained for the remainder of the experimental period. Birds were provided continuous lighting and ad libitum access to feed and water throughout the experimental period.
All diets were formulated on a digestible amino acid basis to meet or exceed NRC [17] recommendations for broiler chicks. Diets were corn-soybean meal based and included the following: 2.56 and 3.05% corn distillers' dried grains with solubles (DDGS) for starter and grower phase, respectively, 4% poultry byproduct meal, and 500 FTU/kg phytase [18] throughout the experiment. Both the starter (zero to 14 d) and grower (14 to 28 d) diets were mixed from individual basal diets to minimize nontreatment differences in the experimental diets. Experimental treatments were randomly assigned to 8 replicate cages as follows: fed control diet and challenged with avian pathogenic E. coli (APEC; NC); fed control diet supplemented with 0.05% bacitracin methylene disalicylate (50 g/ton) and challenged with APEC (BMD); and 3 treatments fed the control diet supplemented with 0.05, 0.10, or 0.20% L. plantarum and challenged with APEC (DFM). An additional treatment consisted of birds fed the control diet without APEC challenge (PC), and these birds were housed in the top cages of the batteries to minimize the opportunity for crossinfection with APEC challenged treatments. On d 7, all birds were orally gavaged with 1 × 10 8 CFU of APEC (e.g., 5.2 μl of inoculum) in 0.5 mL sterile LB broth or tap water to maintain similar experimental handling of all treatments.
Birds were monitored twice daily throughout the experiment and mortalities were recorded. When mortalities were noted, a necropsy of each was conducted to categorize cause of death. On d 7, 14, 21, and 28, birds were weighed individually and feed disappearance per pen was recorded to determine average body weight (BW: g/chick), and mortality corrected feed conversion ratio (FCRm: g/g) defined as total cage feed intake divided by cage live weight gain plus mortality and sampled bird weight gain. On d 14, 3 birds per cage were randomly selected and euthanized via cervical dislocation to obtain absolute and relative spleen weights (SW: g and percent). On d 28, all remaining birds were euthanized and sampled for absolute and relative SW. Data were analyzed as a completely randomized design using the PROC GLM procedure of SAS [19, 20] .
Experiment 2
Male chicks from a female parent line were obtained from a commercial hatchery in North Carolina [21] . Chicks were orally gavaged with 1 × 10 8 CFU of bioluminescent Salmonella Typhimurium at d of hatch and were randomly assigned to isolator cages with 12 chicks per cage (340 cm 2 /chick) in an environmentally controlled room. Chicks were then provided one of 3 experimental diets, which included a control diet (Control), or the same diet supplemented with 0.10 and 0.20% DFM. Temperature within the cages was 35 to 37
• C throughout the experiment. Birds were provided continuous lighting and ad libitum access to feed and water. Chicks were euthanized via cervical dislocation and cecal samples were collected on d 3 and 7 post inoculation for Salmonella enumeration (ceca) by the MPN method. Additionally, bioluminescent imaging (Meckel's diverticulum to cloaca) was conducted at d 7 for comparison with MPN's.
Total Salmonella contents in the ceca were enumerated using the MPN method and compared by treatment and time. Cecal samples were serially diluted in triplicate and incubated in a series of tetrathionate and Rappaport-Vassiliadis broths. Dilutions were then plated on XLT-4 agar and incubated overnight. Presence of Salmonella was confirmed by visual inspection for hydrogen sulfide production and quantified using the FDA's MPN calculator [22] .
Images of Salmonella bioluminescence were obtained using the IVIS [23] . Intestinal tissues (Meckel's diverticulum to cloaca) were opened along their length prior to imaging to provide isolates with a supply of oxygen and induce bioluminescence. The amount of light was quantified (photons/s) using the IVIS software and compared by treatment (d 7). Data were analyzed as a completely randomized design using the PROC GLM procedure of SAS [19, 24] .
RESULTS AND DISCUSSION
Experiment 1
Initial body weight was 41.4 g/chick and was similar among all treatments (P > 0.05). Body weight was not different (P > 0.05) regardless of bird age or experimental dietary treatment exposure (d 7, 14, and 28; Table 1 ). However, FCRm was significantly increased with the infected NC treated bird when compared to the non-infected PC over the zero to 28 d feeding period, validating a successful challenge model (Table 2) . From d 7 to 14, FCRm was significantly reduced for the non-infected PC compared to the infected birds fed diets with 0.05 and 0.20% DFM, while other treatments were intermediate. In a non-challenged model, Peng et al. [25] reported that average daily gain and FCR were not affected from d one to 21 when comparing broilers fed a corn-soybean meal based diet with or without supplementation of a L. plantarum. However, from d 22 to 42, the authors found that daily gain and FCR were improved in the treatment with L. plantarum, suggesting that the DFM could potentially have a more pronounced effect on live performance in mature birds. Over the entire 28-day period, treatment with 0.05% BMD returned FCRm to that of the non-infected PC and improved FCRm over the NC (P ≤ 0.01), while the 0.10% DFM treatment had a significantly higher FCRm than the NC. The BMD was able to reduce the challenge allowing for the improved FCRm, but the 0.10% DFM treatment resulted in higher FCRm than the NC treated birds. This effect was somewhat unexpected, as both the lower and higher doses had no effect on zero to 28 d FCRm. This could be due to the dose-specific effect as Mountzouris et al. [26] has previously demonstrated with a mixed species DFM. The spleen is a major organ involved in immune responses in avian species [27] , and past literature demonstrates that spleen size may be influenced by various stressors [28, 29] . Exposure to a primary immune insult may lead to an initial increase in spleen size followed by a reduction in size over time, yet relative spleen weight continues to increase until birds reach sexual maturity [27] . As expected, total and relative SW (g and % BW, respectively) were increased in the APEC infected NC compared to the non-infected PC at d 14 (P ≤ 0.01; Table 3 ). Treatment with 0.05 and 0.20% DFM or 0.05% BMD reduced relative SW compared to the NC (P ≤ 0.01), and the 0.05% DFM treatment had a similar relative SW as the PC (P > 0.05). However, total and relative SW for the 0.10% DFM treatment were not different from the NC (P > 0.05). Again, the differences between the 0.10% DFM and the other 2 DFM concentrations indicate a dose-specific effect of the DFM. At 28 d of age (i.e., 21 d post inoculation), there were no differences among treatments for SW. By this time point, the primary challenge had likely subsided and the immune system was not actively responding to the challenge. Total mortality for treatments throughout the experiment (d zero to 28) associated with APEC and non-APEC causes are displayed in Figure 1 . The current experiment was not designed to statistically analyze mortality, but numerically there was a 29% reduction in APEC associated mortality (e.g., 7/72 vs. 5/72) for birds fed diets with 0.05% DFM, 0.20% DFM, and 0.05% BMD in comparison to the NC. Additionally, the 0.10% DFM treatment had a 71% reduction in mortalities associated with APEC infection (e.g., 7/72 vs. 2/72) compared to the NC treated birds. The effect of DFM addition to diets was dose specific, but generally reduced APEC related mortalities. These data are similar to those reported by Harrington et al.
[30], in that pathogen related mortalities were reduced with the addition of DFM to broiler diets.
Overall, infection with APEC significantly reduced FCRm and increased spleen weights and numerically increased APEC related mortality. Treatment of the APEC infection with BMD significantly improved FCRm and reduced spleen weight over the NC, resulting in an FCRm similar to the PC treated broilers and numerically reduced mortality. These results agree with previous reports in which antibiotic treatment is an effective control method for APEC infection [31] [32] [33] . The response of the DFM was dose specific, as both the 0.05 and 0.20% DFM resulted in limited direct performance effects, but did result in significant reduced spleen weight and numeric reductions in mortality (similar to BMD treatment). The 0.10% DFM resulted in what appears to be mixed results as FCRm and spleen weights were either not changed or increased in comparison to the infected NC treatment. The higher spleen weight is an indicator of increased immune activation that agrees with the greater FCRm as the immune system is a heavy user of nutrients [34] . Activation of the immune system will shift nutrients from performance to maintenance, raising FCRm, but protecting the chicks from APEC as noted by the dramatic reduction in APEC associated mortality. These results are consistent with current dogma that antibiotic replacement is possible, but some tradeoffs will be needed [35, 36] .
Experiment 2
Total cecal Salmonella content quantified using the MPN method at d 3 and d 7 post inoculation are displayed in Figure 2 . A main effect, treatment x time, interaction (P < 0.01) was observed for Salmonella colonization, suggesting that the 0.10 and 0.20% DFM treatments had a greater effect on reduction of Salmonella in the ceca on d 7 than on d 3. At d 7 post inoculation, there was a 10-fold reduction of Salmonella per gram of cecal contents for either of the DFM treatments compared to the control. Therefore, the L. plantarum strain used in the current experiment reduced total Salmonella content.
Pseudocolor overlays representing bioluminescence produced by S. Typhimurium colonizing the intestinal tract (Meckel's diverticulum to cloaca) are shown in Figure 3A . Quantified total flux (photons/sec) for each treatment are shown in Figure 3B . There were no differences (P > 0.05) in S. Typhimurium colonization of the intestinal tract among treatments based on IVIS enumeration at 7 d post inoculation. In previous S. Typhimurium challenge models, intestinal and/or cecal colonization were determined by total Salmonella colony counts [37] or by using antibiotic selective media for antibioticresistant S. Typhimurium [38] [39] [40] . The IVIS methodology used in the current experiment may provide a rapid technique to examine colonization of specific pathogenic strains in in vivo models without the difficulty associated with enumerating Salmonella from gastrointestinal samples containing large numbers of bacterial species.
Literature evaluating the effectiveness of DFM on reduction of intestinal Salmonella content have shown mixed results [41] [42] [43] [44] . The results of the current experiment agree with several reports [41] [42] [43] in that intestinal Salmonella was reduced by supplementing diets with DFM when broilers were challenged with Salmonella. However, Murate et al. [44] found that a particular DFM had no effect on Salmonella colonization of broilers or layers challenged with S. Enteritidis post inoculation. Bioluminescence methods like those described herein also may be useful in distinguishing the effectiveness of treatments to a particular serovar in comparison to total Salmonella levels. Overall, these data highlight the potential of bioluminescence imaging for the evaluation of DFM and other treatments.
CONCLUSIONS AND APPLICATIONS
1. APEC challenge was effective in increasing FCRm and resulted in APEC related mortality. Treatment of the challenge with antibiotic returned FCRm to that of the PC fed birds and numerically reduced APEC related mortality. 2. The DFM response was dose specific as 0.05 and 0.20% DFM were able to alter spleen weights and mortality compared to those of the antibiotic treated birds, but the 0.10% DFM resulted in greater spleen weights (possibly indicating increased immune function) contributing to both increased FCRm and survivability. 3. Treatment of birds with DFM reduced total Salmonella content in the ceca of broilers challenged with S. Typhimurium at d 7 post inoculation, but did not reduce S. Typhimurium colonization in the intestinal tract (Meckel's diverticulum to cloaca). 4. The use of IVIS may be a novel technique to determine colonization of pathogenic bacteria for in vivo experiments.
